Epithelial-mesenchymal transition (EMT) has been considered essential for metastasis, a multistep process including local invasion, intravasation, extravasation, and proliferation at distant sites. However, controversy remains as to whether EMT truly happens and how important it is to metastasis. We studied the involvement of EMT in individual steps of metastasis and found that p12
Introduction
Epithelial-mesenchymal transition (EMT) is a morphogenetic process in which cells lose their epithelial characteristics such as cell polarity, cell-cell contact, and gain mesenchymal properties such as increased motility (1). EMT was originally described during embryogenesis (2) as a developmental process such as gastrulation, renal organogenesis, and the formation of neural crest (3) . Accumulating evidence has shown that EMT is reactivated in a variety of diseases including cancer progression and metastasis (4) .
Metastasis is a complex, multistep process including detachment and migration away from the primary tumor tissues, local invasion of the surrounding matrix, intravasation, survival in the circulation, extravasation, survival, and proliferation at the metastatic site (5) . It is well-documented that during progression to metastatic competence, carcinoma cells change their adhesive properties, activate proteolysis, and became motile, allowing them to leave the primary tumor and establish secondary tumor in distant organs (6) .
EMT of carcinoma cells is often accompanied by lost expression of E-cadherin, a known tumor suppressor (7) . Although irreversible mechanism of E-cadherin inactivation such as loss of heterozygosity of 16q22.1 containing the E-cadherin locus and mutations in its coding region have been shown in human cancer (8, 9) , its down-regulation during EMT is believed to be mediated by promoter methylation (10) or by up-regulation of E-box-binding transcription repressors including Twist1, Snail, Slug, ZEB-1, ZEB-2(SIP), E12/E47, CBF-A, FOXC2, Goosecoid, HOXB7, and DEF1. These transcription repressors are often modulated by one of the classic signaling pathways including the WNT, transforming growth factor (TGF)-h, Hedgehog, Notch, and receptor tyrosine kinase that are often disregulated in cancer and have been shown to stimulate EMT (11) .
TGF-h is a pluripotent factor that can elicit multiple cellular responses in epithelial cells (12) . The role of TGF-h in inducing EMT has been well-demonstrated and has been shown to be mediated by its cell surface receptor and its down-stream effector Smad (13) . Smad pathway induces the expression of the high mobility group A2 (HMGA2) gene (14) , a nuclear factor that is necessary and sufficient for TGF-h-induced EMT by linking the TGF-h signaling pathway with the EMT-inducing transcription factors Snail1, Snail2, and Twist.
On the other hand, the growth suppressor activity of TGF-h and its relationship with EMT and tumor invasion and metastasis is less well-studied (15) . One established pathway for the growth inhibitory activity of TGF-h is through the induction of p12 CDK2-AP1 (p12, Doc-1), a growth suppressor originally isolated from hamster normal oral keratinocytes by subtractive hybridization (16) . TGF-h activates Smad 3 and 4, thereby inducing the expression of p12 (17) that, in turn, mediates growth inhibition by interacting with DNA polymerase a/primase (18) and CDK2 (19) . Here, we report that p12 induces EMT of hamster cheek pouch carcinoma-1 (HCPC-1) cells. EMT cells have increased ability of local invasion but diminished capacity of establishing distant metastasis. Neither non-EMT cells nor EMT cells alone is able to metastasize due to the defect in invasion and in regrowth in distant organs, respectively. However, the mixture of two cell types is able to complete the entire process of spontaneous metastasis. Our results suggest a new model for the role of EMT in tumor metastasis in which the EMT cells lead the way of invasion so that the non-EMT cells can enter the blood stream and reestablish growth in distant organs.
Materials and Methods
Cells. HCPC-1 cells were cultured in DMEM + 10% fetal bovine serum (FBS; ref. 16 ). To distinguish p12 and vector transfectants, they were cotransfected with a green fluorescence protein (GFP)-expressing plasmid, pEGFPC-1, and a red fluorescence protein-expressing plasmid, pCI-neoDsRed2, respectively, with a hygromycin-resistent gene, pTk-Hyg. Stable double transfectants were selected with 0.5 mg/mL hygromycine B for 2 wk. The p12 and vector control transfectants were therefore labeled with green and red fluorescence, respectively. They were used throughout this work except in the mesenchymal-epithelial transition (MET) experiment where p12 transfectants that had not been transfected with pEGFPC-1 were cotransfected with E-cadherin and GFP expression plasmids.
Inducible p12 antisense HaCaT cell line [ip12(À)HaCaT] and vector control cell line (pMTCB6 + -HaCaT) were prepared and cultured as described previously (17) . p12 antisense expression was induced by 25 Amol/L ZnSO 4 for 24 h. To induce EMT of the vector and antisense transfectants of HaCaT cells, a mixture of TGF-h (10 ng/mL) and epidermal growth factor (EGF; 30 ng/mL) was added and the cells were incubated in the presence of Zn 2+ (25 Amol/L) for 48 h (20) . qReverse transcription-PCR assay of E-cadherin. The hamster E-cadherin primer set was designed based on the hamster E-cadherin cDNA sequence. F, 5 ¶-CTGCAGGTCTCATCATGGA-3 ¶; R, 5 ¶-ACCTGTA-GACCTCGGCACTG-3 ¶. h-actin was used as an internal control: F, 5 ¶-CACCATGAAGATCAAGATCATTGC-3 ¶; R, 5 ¶-GGCCGGACTCATCG-TACTCCTGC-3 ¶.
Reverse transcription-PCR analysis of E-cadherin repressors. The mRNA levels of E-cadherin repressors including E12/E47, Snail, Slug, Twist1, Twist2, ZEB-1, and ZEB-2 were analyzed by reverse transcription-PCR (RT-PCR) with the primer sets shown bellow. E12/E47: F, 5 ¶-TCAG-GACGGTTCTGGATGAGACAG-3 ¶; R, 5 ¶-TTTTCTGCTTGGTCACTGGGGC- Twist2 siRNA. Twist2-specific siRNA (sense, 5 ¶-ACAGUAAGAAGUC-GAGCGAAGAUGG-3 ¶; antisense, 5 ¶-CCAUCUUCGCUCGACUUCUUACU-GUAG-3 ¶) was designed using a DsiRNA Web Design Tool from Integrated DNA Technologies, Inc. The p12 transfectants of HCPC-1 cells (f90% confluence) were transfected with 1 nmol/L siRNA duplex together with 0.8 Ag pEGFP-C1 plasmid using Lipofectamine 2000. After 48 h, the cells were fixed with ethanol and the transfectants were identified by green fluorescence.
Tumor invasion and metastasis assays. Animal experiments were approved by Institutional Animal Care and Use Committee of Harvard Medical School. For spontaneous metastasis assay, tumor cells were inoculated s.c. Vector and p12 transfectants, or a 1:1 mixture of the two cell types, 1 Â 10 6 each, were inoculated s.c. into the back of BALB/c athymic mice. For direct lung metastasis assay, tumor cells were injected i.v. Vector or p12 transfectants, or the E-cadherin reexpressed p12 transfectants, 1 Â 10 6 cells, were injected into the tail vein directly. Blood samples were collected weekly from the eye corner and analyzed for the existence of tumor cells by PCR analysis of GFP and DsRed sequences. Four weeks after tumor cell inoculation, the animals were sacrificed; primary tumors and the lung tissues were removed and processed for histology, immunofluorescence (IF), and immunohistochemistry (IHC) examinations. A total of 0.5 to 1.0 mL of blood samples were collected from the hearts when animals were sacrificed. These blood samples were cultured for 2 to 3 wk in vitro in an attempt to recover tumor cells from circulation. They were also analyzed for GFP and DsRed by nested PCR. GFP, First primer set: F, respectively, the culture dishes were monitored under a fluorescent microscope directly. For IF of E-cadheirn, vimentin, and Twist2, cells were fixed with 4% paraformaldehyde for 30 min, permeablized with 0.2% Triton X-100 in PBS for 5 min, washed with PBS, and incubated with a mouse anti-E-cadherin monoclonal antibody (mAb; BD Transduction Laboratory), a goat anti-vimentin pAb (Santa Cruz), and a mouse anti-human Twist2 mAb (Abcam) at RT for 1 h. After washing with PBS, Alexa 488-labeled goat anti-rabbit IgG, Alexa 555-labeled donkey anti-goat IgG, and Alexa 555-labeled goat anti-mouse IgG were used to visualize E-cadherin, vimentin, and Twist2, respectively. For double IF of blood vessels and tumor cells in the primary tumors derived from vector transfectants, a rabbit anti-mouse CD31 pAb (Abcam) and a mouse anti-DsRed mAb (Clontech) were used and were visualized with Alexa 488-labeled goat anti-rabbit IgG and Alexa 555-labeled rabbit-anti mouse IgG, respectively. For double IF of blood vessels and tumor cells in the primary tumors derived from p12 transfectants, a rabbit anti-mouse CD31 pAb and a mouse anti-GFP mAb (Santa Cruz) were used and were visualized with a Alexa 555-labeled goat anti-rabbit IgG and Alexa 488-labeled goat-anti-mouse IgG, respectively. For IHC staining, horseradish peroxidase-conjugated goat anti-mouse IgG or goat anti-rabbit IgG were used as the secondary antibodies. For Western blotting, 150 Ag protein were loaded on each lane and blotted with antibodies against desmoplakin (Abcam), N-cadherin (SantaCruz), E-Cadherin, vimentin, Twist, and p12 (pAb86; ref. 17) , and h-actin (Santa Cruz).
Results
p12 mediates TGF-B-induced EMT in HaCaT cells. We have previously shown that TGF-h induces expression of p12 that mediates the growth inhibitory activity of TGF-h (17) . TGF-h is a known inducer of EMT (21, 22); we therefore first examined the effect of p12 on TGF-h-induced EMT of HaCaT cells. Zn-inducible p12 antisense transfectants [ip12(À)HaCaT] that have been shown to resist TGF-h-induced growth inhibition (17) and the corresponding vector control transfectants (pMTCB6 + -HaCaT) were incubated with a mixture of TGF-h (10 ng/mL) and EGF (30 ng/mL), a condition known to induced EMT of HaCaT cells (20) . (Fig. 1A, top) in the presence of TGF-h and EGF, but that of the ip12(À)HaCaT p12 antisense transfectants remained epithelial (Fig. 1A, bottom) . Western blotting shows that the p12 protein level in the vector control transfectants was induced by TGF-h and EGF, and was decreased in the antisense transfectants both in the absence and presence of TGF-h and EGF (Fig. 1B, bottom) . Consistently, treatment with TGF-h and EGF decreased the protein level of E-Cadherin in the vector control transfectants but not in the p12 antisense transfectants (Fig. 1B, top) . These results indicate that p12 is required for TGF-h-induced morphology change and E-Cadherin expression, two prominent markers of EMT.
p12 induces EMT of HCPC-1 cells. We then used HCPC-1 cells to study the effect of p12 on EMT and on tumor invasion and metastasis as p12 was originally identified from hamster oral keratinocytes. HCPC-1 cells were cotransfected with pcDNA3 control vector and pCI-neo-DsRed2 encoding a red fluorescent protein, or with a pcDNA3-p12 vector encoding the p12 protein and pEGFPC1 encoding a green fluorescent protein. Therefore, the vector-and p12-transfected cells are labeled with red and green fluorescence, respectively. HCPC-1-vector transfectants remained the epithelial characteristics such as polygonal structures and cell-cell contacts ( Fig. 2A, left) . The morphology of p12 transfectants exhibited spindle-like fibroblastic structures without tight cell-cell contacts ( Fig. 2A, middle) . The vector-and p12-transfected cells clearly segregated from each other in coculture ( Fig. 2A, right) . The polygonal vector transfectants were surrounded by the p12 transfectants as shown by red (Fig. 2B, left) and green (Fig. 1B, middle) fluorescence and the merge of the two colors (Fig. 2B, right) .
The morphologic change from polygonal to fibroblastoid structure upon p12 transfection prompted us to examine the expression levels of desmoplakin and E-cadherin, epithelial markers, and N-cadherin and vimentin, mesenchymal markers. Real-time quantitative RT-PCR analysis showed that E-cadherin expression in HCPC-1-p12 was repressed by 98% compared with that of HCPC-1-Vector (Fig. 2C, left) . Treatment with 5 ¶-Aza-2 ¶-deoxycytidine (5-Aza-dCyd), a demethylating agent, did not recover E-cadherin expression in HCPC-1-p12, indicating that aberrant Twists were detected both in the cytoplasm and in the nucleus (arrows ). D, knocking down Twist 2 reverted cell morphology to epithelial like structures (arrows ). Twist2-specific synthetic siRNA and a plasmid encoding GFP were cotransfected into p12 transfectants (GFP free). Twist-2 siRNA-transfected cells are thus labeled with GFP expression.
methylation of the CpG islands within the E-cadherin promoter is not the cause of E-cadherin suppression. Vimentin mRNA is not detectable in the vector transfectants but appeared in the p12 transfectants (data not shown). The loss of E-cadherin expression and the gain of vimentin expression in p12 transfectants were confirmed by Western blotting analysis (Fig. 2C, right) and IF staining (Fig. 2D) . Loss of desmoplakin expression and increased N-cadherion expression, two additional epithelial and mesenchymal markers, confirmed that these cells underwent EMT (Fig. 2C,  right) . Taken together, these results indicated that p12 overexpression in HCPC-1 cells induced EMT.
p12-induced EMT is mediated by Twist2. We next examined the effect of p12 on the expression of E-cadherin repressors known to play a role in EMT. RT-PCR analysis shows that Snail and Slug were undetectable in the parental HCPC-1 cells, and in the vector and p12 transfectants (Fig. 3A) , whereas E12/E47, Twist1, ZEB-1, and ZEB-2 were constitutively expressed in HCPC-1 cells and was not changed after p12 transfection (Fig. 3A) . Twist2 mRNA was detectable in the parental HCPC-1 cells and in the vector transfectants but was significantly increased in p12 transfectants (Fig. 3A) . Sequence analysis confirmed that the PCR amplicon was hamster Twist2 with a 96.2% homologue to the mouse Twist2. Increase of Twist2 protein in the p12 transfectants was confirmed by Western blotting (Fig. 3B) . IF showed that Twist2 was barely detectable in the vector transfectants (Fig. 3C ) but was strongly stained in p12 transfectants. Merge with 4 ¶,6-diamidino-2-phenylindole (DAPI) staining shows that Twist was detectable in the nucleus of p12-transfected cells (arrows). To confirm that Twist2 is responsible for p12-induced EMT, siRNA was used to knockdown Twist2 expression in p12 transfectants. Transient transfection with synthetic double-stranded siRNA was used because we failed to establish stable Twist-2 siRNA transfectants. A Twist2-specifc siRNA and a scrambled nonspecific control siRNA were cotransfected with a plasmid encoding GFP into p12-transfected HCPC-1 cells that had not been already transfected with GFP so that siRNA transfected-cells could be easily identified with green fluorescence. Due to the low transfection efficiency, only a low percentage of the cells were transfected, as shown by GFP expression. Characterization of MET by Western blotting analysis of EMT markers were not feasible, but it is clear that Twist2-specific siRNA-transfected cells converted back to polygonal structure (Fig. 3D, left) . However, the control siRNA-transfected cells remained the fibroblastoid morphology (Fig. 3D, right) .
EMT enhances local invasion of xenograft HCPC-1 tumors. Enhanced migration is a hallmark for mesenchymal cells. An in vitro cell migration assay showed that p12-transfected cells migrated away from the wounded edge (Fig. 4A, right) compared with the vector-transfected cells that barely migrated (Fig. 4A, left) . The average distance of vector and p12 transfectants that migrated from the wounded edge was 100 F 90 Am and 550 F 150 Am, respectively, in 24 hours (Fig. 4B) . Therefore, p12-induced EMT cells have acquired a migratory phenotype.
Next, we injected vector and p12 transfectants into a s.c. region of BALB/c athymic mice to test the ability of these cells to establish xenograft tumors, to invade into surrounding tissues, and to metastasize to the lung. All mice from both groups (n = 12) formed tumor burdens in the s.c. region 4 weeks after injection. The average tumor volumes were 864 and 888 cm 3 , respectively, for the vector and p12 transfectants. However, H&E staining revealed that vector transfectants formed a clear border between the primary tumor tissue and the adjacent muscle tissues without any evidence of invasion, whereas p12 transfectants aggressively invaded into the adjacent muscle tissue [Fig. 4C , tumor cells (*)]. Double IF staining with an anti-CD31 (green fluorescence) and an anti-DsRed IgG (red fluorescence) did not detect any tumor cells in the blood vessels (arrows) located within the tumor mass derived from vectortransfected HCPC-1 cells (Fig. 4C, second panel, top) . However, tumor cells (*) were detected in the blood vessels (arrows) located in the tumor mass derived from p12-transfected cells (Fig. 4C,  second panel, bottom) as shown by double IF with an anti-von Williebrand factor (red fluorescence) and an anti-GFP IgG (green fluorescence). In both cases, no metastasis was formed in the lung, as shown by visual and microscopic examinations after H&E staining (Fig. 4C, third and fourth panels) . Culture of the blood samples collected from both groups of animals failed to establish colonies in the soft agar. However, PCR analysis for DsRed and GFP DNA sequence as an indicator of the existence of vector and p12 transfectants, respectively, showed that p12-transfected cells (GFP labeled) but not vector transfectants (DsRed labeled) were detected in the blood stream of all mice (Fig. 4D) . These results indicated that non-EMT cells failed to intravasate, whereas EMT cells have enhanced ability to invade into the surrounding tissues and intravasate into the blood vessels but failed to establish metastasis.
EMT decreases lung metastasis derived from i.v. HCPC-1 cells. To more directly examine the effect of EMT on the metastasis, we injected vector and p12 transfectants into the tail vein of athymic mice to bypass the initial steps of metastasis process. Numerous metastatic lesions were formed from i.v. injected vector transfectants after 4 weeks in all animals (n = 6; Figure 5 . Ability of non-EMT, EMT, and MET cells to establish lung metastasis from i.v. inoculation. A, all the animals (n = 6) developed lung metastases from i.v. inoculation of vector transfectants (non-EMT cells) as shown by macro photos and H&E staining at both low and high magnifications. None of the animals developed lung metastasis from i.v. inoculation of p12 transfectants (EMT cells) and E-cadherin reexpressed p12 transfectants (MET cells). B, Western blotting analysis of E-cadherin confirmed E-cadherin reexpression. C, E-cadherin reexpression reverted the fibroblastoid structures of p12 transfectants to epithelial structures, suggesting an MET process. Fig. 5A, top) . However, i.v. injected p12 transfectants failed to form any metastases in the lung (Fig. 5A, middle) . No lung metastases were detected by H&E staining even when the numbers of injected cells were 5 times higher and after a prolonged period (12 weeks). These results indicated that p12-induced EMT is accompanied with a decreased ability to establish metastatic growth in the lung, although they have an enhanced migratory and local invasive phenotype.
It has been proposed that regain of epithelial phenotype by derepression of E-cadherin is necessary for metastatic growth of carcinomas (4) . To test whether reexpression of E-cadherin in p12-induced EMT cells will allow the cells to form metastasis, we transfected an E-cadherin expression plasmid into p12 transfectants and tested their ability to form lung metastasis from i.v. injection. E-cadherin reexpression was confirmed by Western blotting analysis (Fig. 5B) . The morphology of E-cadherin reexpressed cells have a polygonal structure (Fig. 5C, right) that is clearly different from the fibroblastoid structure of the original p12-transfected cells (Fig. 5C, middle) but is similar to that of the original vector transfectants (Fig. 5C, left) . Therefore, from the cell morphology viewpoint, MET occurred by reexpressing E-cadherin. However, E-cadherin reexpressed MET cells failed to establish lung metastasis when they were directly injected into the tail vein of athymic mice (Fig. 5A, bottom) . We therefore examined the protein levels of desmoplakin, N-cadherin, as well as Twist-2 in E-cadherin reexpressed cells. Although the expression of N-cadherin and Twist-2 decreased by in E-cadherin reexpressed cells, the expression of desmoplakin did not change (Fig. 5B) . The possibility that the failure to establish lung metastases from i.v. injected cells is due to a lack of desmoplakin could not be excluded. The ability of E-cadherin reexpressed MET cells to form s.c. tumors in athymic mice was not significantly different from that of vector-transfected non-EMT cells and p12-transfected EMT cells (data not shown). Figure 6 . A mixture of EMT and non-EMT cells completed the entire spontaneous metastasis process. A, primary tumor tissues. H&E staining of the tumor edge showed invasive phenotype. Double IF of GFP and DsRed showed that the invasion front is composed of mainly p12 transfectants (green ) but the tumor center consists of mainly vector transfectants (red). B, PCR detection of DsRed and GFP DNA from the blood samples and lung metastases. Both GFP and DsRed were detected in the blood stream but only DsRed was detectable in the metastatic foci in the lung. C, lung metastases shown by macro photos and H&E staining. D, fluorescent images and IHC staining of DsRed, GFP, and E-cadherin in the lung metastases. GFP was not detectable but both DsRed and E-cadherin are strongly expressed, indicating they were originated from vector transfectants (non-EMT cells).
EMT Promotes Invasion but Suppresses Metastasis
www.aacrjournals.org S.c. injection of a mixture of EMT and non-EMT cells results in the formation of lung metastasis. Because p12-induced EMT cells have enhanced invasive properties (Fig. 4) and non-EMT cells are able to form metastasis when injected into the tail vein (Fig. 5) , we next examined whether a mixture of the two cell types would be able to complete the entire process of spontaneous metastasis from the primary s.c. region to the lung. A 1:1 mixture of the vector and p12 transfectants, 1 Â 10 6 cells each per mouse, was inoculated s.c. onto athymic mice. Primary s.c. tumors formed at the injection sites in all mice (n = 6) after 4 weeks. H&E staining shows that the edges of the primary tumors have an invasive appearance (Fig. 6A, left) , reminiscent to that seen in the tumors derived from p12 transfectants alone (Fig. 4C) . Double IF stating for GFP and DsRed showed that the invasive fronts were composed of layers of mainly EMT cells (green, p12 transfectants) followed by non-EMT cells (red, vector transfectants; Fig. 6A, middle) . The center of the primary tumors is composed of entirely non-EMT cells (red; Fig. 6A, right) . Both DsRed and GFP DNA were detected by PCR analysis of the blood samples collected from these animals (Fig. 6B , right lane), indicating that both EMT and non-EMT cells were able to enter the blood stream under this experimental setting. Because we have shown in Fig. 4D that only EMT cells were able to intravasate, a conceivable interpretation of these results would be that EMT cells invaded into the surrounding tissues and intravasated so that the obstacles were cleared for non-EMT cells to migrate and to enter the circulation.
Visible lung metastases formed in three of the six animals (Fig. 6C) . When the lung tissues were examined microscopically after H&E staining, all six animals have lung metastases. Direct fluorescent detection of DsRed and GFP showed that all the metastatic tumors emitted red but not green fluorescence (Fig. 6D,  top) , indicating that they were derived from DsRed-positive cells. IHC of the serial sections of the metastatic tumors with an antiDsRed and an anti-GFP IgG was carried out and showed that the metastatic tumors expressed DsRed but not GFP (Fig. 6D, bottom) , confirming that the metastases were originated from the non-EMT cells. IHC with an anti-E-cadherin IgG showed strong E-cadherin expression in the metastatic tumor cells (Fig. 6D, bottom right) , consistent with them being non-EMT cells. PCR analysis showed that DsRed but not GFP was detectable from the DNA extracted from the metastatic tumor tissues in the lung (Fig. 6B, left lane) . However, both DsRed and GFP DNA were detected in the blood stream of all the animals in both groups. These results further showed that the metastatic tumor cells are the original non-EMT cells rather than the EMT cells or the MET version of the EMT cells.
Discussion
Numerous experimental data support the notion that EMT occurs and plays an important role in tumor progression and metastasis (1) . It is undisputed that carcinoma cells need to change their adhesive properties and become motile to leave the primary tumors and to invade into the surrounding tissues. However, it is still controversial as to whether transformation of a noninvasive tumor into a metastatic tumor is truly an EMT (23, 24) . The main argument for the lack of a role of EMT in cancer is that metastases seem histologically similar to the primary tumor from which they are derived (25) . To reconcile this apparent contradiction, it has been proposed that reversion to an epithelial morphology, an MET process, occurs in metastatic foci by reexpression of E-cadherin (4, 23) . Dynamic expression of E-cadherin in cancer progression has been documented (10, 26) . However, direct experimental data supporting MET in cancer metastasis are scarce (27) .
For individual EMT cells to complete the entire metastasis process including detaching from primary site, degradation of the surrounding matrix, migration and invasion through the basement membrane, intravasation and survival in the circulation, extravasation, and attach and proliferation at the secondary site, the cells would need an incredible plasticity to accomplish these complex tasks. On the other hand, cancers are known to consist of a highly heterogeneous population of cells that display a remarkable range of phenotypes (28) . Therefore, investigation of an alternative pathway for the involvement of EMT in cancer metastasis is warranted. We hypothesized that EMT is necessary but not sufficient for metastasis.
To test this hypothesis, we took the advantage of the unique properties of p12 in regulating squamous cell carcinoma growth and studied the effect of p12 overexpression on EMT of HCPC-1 cells and on their progression and metastasis. p12 is a growth suppressor originally isolated from hamster normal oral keratinocytes by subtractive cloning (16) . Ectopic expression of p12 in HCPC-1 induced morphologic alteration from polygonal to fibroblastoid structure but was accompanied by an elongation of doubling time and loss of anchorage-independent growth in soft agar (16) . We have now shown that p12 overexpression in HCPC-1 cells induced EMT as shown by a complete loss of E-cadherin expression and the gain of vimentin expression (Fig. 2) . This is consistent with our previous report that p12 is a down-stream effector of TGF-h signaling cascade (17) . TGF-h represses E-cadherin expression (29) and is an important mediator of EMT (22) . E-cadherin represents the best-characterized molecular marker in epithelial cells. E-cadherin expression is mainly regulated by promoter hypermethylation (30) or by activation and up-regulation of transcription repressors (31) that bind to the three E-box elements in the promoter region (32) . p12-induced E-cadherin suppression could not be reverted by treatment of 5 ¶-Aza-dCyd (Fig. 2C) , a universal demethylating agent, indicating that aberrant methylation is not the underlying mechanism. Instead, we found that Twist2 was up-regulated after p12 expression in HCPC-1 cells (Fig. 3A) . Twist2 is a bHLH transcription factor (33) that forms a heterodimer complex with E12/E47 protein. E12/E47 is known to bind to the E-box motives in the E-cadherin promoter and represses E-cadherin expression (34) . Thus, an E-cadherin repressor activity of Twist2 can be envisioned. However, direct evidence for Twist2 to repress E-cadherin repression was lacking. We found that E12/E47 gene is constitutively expressed in HCPC-1 cells (Fig. 3A) , so induction of Twist2 gene expression by p12 allows the formation of the Twist2/E12 complex, thereby repressing E-cadherin expression. We also confirmed that p12-induced EMT was mediated by Twist2 by showing the reversion of EMT cells after Twist2 siRNA treatment (Fig. 3D) . Therefore, our data showed that Twist2 is a new member to the growing list of the EMT-inducing E-cadherin repressors that have now included Twist1 (35), Snail (36), Slug (37), SIP (38) , E12/E47 (34), CBF-A (39), FOXC2 (40), Goosecoid (41), HOXB7 (42) , and DEF1 (43) . p12 transfectants clearly have enhanced motility and ability of local invasion when inoculated s.c. on athymic mice (Fig. 4) , consistent with an EMT phenotype observed in numerous reports (1, 6, 25, 32) . However, p12-induced EMT cells have a reduced capacity to form metastasis when they were directly inoculated into the blood stream (Fig. 5) . In contrast, non-EMT cells formed overt lung metastases when inoculated into the blood stream of athymic mice (Fig. 5) . These results are in agreement with p12 being a growth suppressor (16) but are not consistent with the hypothesis that EMT is able to mediate the entire metastasis process (35) . Reexpression of E-cadherin in p12 transfectants elicited MET of the EMT cells but was unable to promote metastasis from i.v. inoculated cells (Fig. 5) , suggesting that either there are uncharacterized factors in our experimental system that are important or MET is not an integral part for metastasis.
The failure for s.c. injected non-EMT cells to metastasize is because they were unable to invade locally and to intravasate. However, the reason for p12-induced EMT cells, inoculated either s.c. or i.v., not to form metastasis is unclear at present. It could be due to the intrinsic property of p12 as a growth suppressor whose overexpression has been shown to decrease anchorage-independent growth (16) and may thus reduce the survival of the tumor cells in circulation. However, it is clear that p12 is a new inducer of EMT. It is also consistent with our previous observation that distribution of p12 protein in normal human oral mucosal tissue is limited to the basal cell layer and to the mesenchymal cells in the adjacent connective tissues (44) . The expression pattern of p12 in normal human oral tissues suggest that p12 may segregate the stem cell-like basal cells from those that are entering a differentiation program by regulating E-cadherin expression and, thus, may play a role in maintaining the mesenchymal phenotype. p12 was initially thought as a tumor suppressor, but it is currently considered as a growth suppressor because no mutations have yet been found in human cancers. The apparent contradiction for a growth suppressor to induce EMT, a process associated with tumor malignancy, can be reconciled by the facts that p12-induced EMT actually suppresses distant metastasis. In this regard, p12 is not alone. For example, Snail, a known E-cadherin repressor and an EMT inducer (45) , was found to attenuate cell proliferation by inducing cyclin-dependent kinase inhibitor p21 (WAF/CIP1; ref. 46 ). Also, a low proliferation rate in the invasive front of human colorectal adenocarcinomas has been reported (47) .
Most interestingly, we found that s.c. inoculation of a mixture of EMT and non-EMT cells were able to form spontaneous lung metastases (Fig. 6) . Under this circumstance, both EMT and non-EMT cells, represented by GFP and DsRed expression, respectively, were detectable in blood stream, but only non-EMT cells were detected in the lung metastases (Fig. 6) . When individual non-EMT and EMT cells were inoculated s.c., only EMT cells were detectable in the blood stream, but no lung metastasis formed in both cases (Fig. 4) . However, when they were inoculated i.v., only non-EMT cells were able to from lung metastases (Fig. 5) . Taken together, our results suggested that EMT and non-EMT cells cooperate to complete the spontaneous metastasis process. We thus hypothesize that EMT cells are responsible for degrading the surrounding matrix to lead the way of intravasation. Non-EMT cells follow the EMT cells to enter the blood stream where both cell types survive. But only non-EMT cells are able to reestablish colonies in the secondary sites.
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